The physical processes associated with the implosion of cylindrical tubes in a hydrostatic underwater environment were investigated using high-speed three-dimensional digital image correlation (3D DIC). This study emphasizes visualization and understanding of the real-time deformation of the implodable volume and the associated fluidstructure interaction phenomena. Aluminium 6061-T6 cylindrical tubes were used as the implodable volumes. Dynamic tourmaline pressure transducers were placed at selected locations to capture the pressure history generated during each implosion event. A series of small-scale calibration experiments were first performed to establish the applicability of 3D DIC for measuring the deformation of submerged objects. The results of these experiments indicated that the effects of refraction due to water and the optical windows can be accounted for by evaluation of the camera's intrinsic and extrinsic parameters using a submerged calibration grid when the surface normal of the optical windows is collinear with the camera's optical axis. Each pressure history was synchronized with its respective high-speed DIC measurements. DIC results showed that the highest rate of increase in contact area correlates to the largest pressure spike during the implosion process. The results also indicated that, for a given diameter, longer implodable volumes generated higher pressure spikes.
Introduction
Submerged enclosed shells can collapse instantaneously under hydrostatic water pressure leading to release of a strong propagating pressure wave [1, 2] . This process, which is known as 'implosion', has been of interest in the area of underwater acoustics because such implosions can be used as an alternative to underwater explosions (UNDEX), which are commonly used as an underwater sound source [1, 2] . However, there are situations in which an implosion is undesirable as the pressure wave generated during the implosion can damage adjacent structures or initiate implosion of adjacent enclosed shells [3] [4] [5] . The implosion of several photo-multiplier tubes (PMTs) initiated by accidental implosion of a single PMT in the Super-Kamiokande neutrino laboratory in Japan in 2001 sparked a renewed interest in studying the pressure waves generated by an underwater implosion [6] .
Urick [1] conducted implosion experiments by submerging glass bottles of different sizes in the ocean and recording the pressure profiles generated by their implosion using a hydrophone located close to the water surface. Urick concluded that the efficiency of energy conversion from potential energy of implodable volume to acoustic waves is approximately 0.2-0.6%. Orr & Schoenberg [2] performed both laboratory and field tests by imploding pre-weakened glass spheres and reported that the pressure pulses had a characteristic negative pressure head followed by a sharp positive spike region. Turner [7] investigated the implosion of glass spheres by performing laboratory experiments followed by numerical simulations of the experiments. His study indicated that the failure time history of the structure separating the low-pressure air from the high-pressure water has a significant effect on the character of the pressure pulse. Numerical simulations indicated that, if the behaviour of the structure is ignored, the model would over-predict the peak pressure generated in the implosion. The failure in these investigations [1, 2, 7] was brittle in nature, with the glass sphere fragmenting into several pieces. On the contrary, the collapse of metallic tubes is not catastrophic even though it is very rapid in nature. Turner & Ambrico [3] investigated the implosion of metallic aluminium tubes. Pressure pulses with characteristics similar to those obtained with glass spheres were observed in their experiments. The effect of collapse mode on the pressure pulse was investigated recently by Farhat et al. [8] . Their study indicated that a higher mode of collapse generated a higher pressure peak but of smaller duration than that obtained in a lower mode collapse.
In the investigations reported above, quantitative measurements on the imploding shell were not reported. Ikeda et al. [9] reported that, during an implosion process, the structure becomes so weak that the influence of the structural details on the pressure waves can be neglected and the structure behaves similarly to a bubble of low-pressure gas. Hence, the pressure wave records and the time primarily scale with the critical collapse pressure and the time period of the equivalent size bubble oscillations, respectively. In the context of Turner's [7] observation that the character of the pressure pulse is significantly influenced by the failure time history, it is important to experimentally capture the deformation history of the implodable volume and relate the same to the pressure pulse generated in order to suitably modify the imploding structure to mitigate the implosion-induced pressure pulse. With this intention, implosion experiments were performed using 38.1 mm (1.5 inches) outer diameter aluminium 6061-T6 cylindrical tubes with different length to diameter ratios by subjecting them to hydrostatic pressure in a pressure vessel. Highspeed three-dimensional digital image correlation (3D DIC) was used to track the deformation of the implodable volume. The pressure waves at selected locations around the implodable volume were recorded using dynamic tourmaline pressure sensors. When performing DIC on submerged objects, the effect of refraction due to the water body and any transparent window that is in the light path has to be accounted for [10, 11] . Ke et al. [11] have described a rigorous method of accounting for these effects in their work when the normal of the window through which the object is viewed is inclined to the camera axes. In the present work, a set of calibration experiments were initially conducted to quantify the effects of submersion of the subject on the measured displacements before applying DIC to study the phenomenon of implosion. The paper is organized as follows. In the next section, details of the experimental set-up and the instrumentation used are discussed. Subsequently, calibration experiments performed to establish the use of stereo-DIC to measure deformation of submerged objects are presented. This is followed by presentation of the experimental observations from the implosion experiments and discussion of the results.
Experimental set-up (a) Implosion experimental set-up (i) Specimen geometry
The implodable volumes used in this study are commercially available aluminium 6061-T6 seamless tubes with an outer diameter of 38.1 mm (1.5 inches) and a nominal wall thickness of 0.89 mm (0.035 inches), giving a diameter to thickness ratio of 42.9. These tubes are first inspected to identify any thickness variations along the length and circumference, and also for ovality in the cross section. This is important as imperfections such as thickness variation and ovality can affect the critical buckling pressure [12] and more importantly the location at which collapse will initiate. The tubes have a length to diameter ratio (2L/D) of 5.3, 8 and 10.7, where 2L is defined as the unsupported length, shown in figure 1a. This 2L/D ratio ensures mode-2 as the primary collapse shape in the implosion experiments [13, 14] . As shown in figure 1a, end-caps made of the same material are fitted at the two ends of the tubes using o-rings to seal the tubes from water ingress during pressurization. The tubes are slightly compressed along a radius to create ovality so that the direction of mode-2 collapse can be anticipated reasonably well for the purpose of placing the pressure sensors, and for real-time high-speed stereo-photography. This radial compression was achieved by squeezing the tube between two parallel metal surfaces (vicegrips) just enough to create small ovality in the tube. Table 1 shows the geometric details of the specimens investigated in this study along with the experimental collapse pressures (P c ).
The implodable volume is supported in a cage structure as shown in figure 1b. Dynamic tourmaline pressure sensors (PCB 138A05) are placed on cross-sectional planes of the tube at select locations along the length of the tube (figure 1a,c). Typically, two sensors are used on each cross-sectional plane, one located on the radius along which collapse is anticipated (0 • pressure sensor/flat side) and the second one on a radius orthogonal to the first one (90 • pressure sensor/crease side). The sensors are placed at a radial distance of four-thirds of the tube diameter (4D/3 = 50.8 mm (2.00 inches)) from the tube surface. The sensor planes are located at mid-length, 3L/8, 3L/4 and L from mid-length along the axis of the cylinder, as shown in figure 1a . The signals from the pressure sensors are recorded using a data acquisition system (Astro-med Dash 8HF-HS, 200 KHz bandwidth) at a sampling rate of 2 MHz.
(ii) Pressure chamber facility
The steel pressure chamber facility is shown in figure 2 . The chamber has a cylindrical section of 2.13 m (84 inches) diameter and 1.07 m (42 inches) length with hemispherical domes. A longitudinal section indicating the position of the implodable volume is shown in figure 2a . The total height of the chamber (pole to pole) is 2.13 m (84 inches). A section through the mid-length of the chamber indicating the exact location of the view ports and cameras is shown in figure 2b . The cylindrical segment of the chamber has eight circular view ports, each having a 76 mm (3 inches) thick clear acrylic window of diameter 102 mm (4 inches) for viewing and illumination (figure 2b). The chamber is pressurized using compressed nitrogen gas from the top of the chamber using a solenoid inlet valve. On the onset of implosion, the volume of the specimen decreases, leading to a small change in the hydrostatic pressure in the surrounding water. Expansion of nitrogen gas on the top is desirable in order to simulate a submarine environment since it aids in maintaining a constant hydrostatic pressure in the pressure chamber. A pair of Photran SA-1 cameras is used to obtain stereo-images of the implosion process in real time at 30 000 frames per second. A random intensity pattern is applied on the surface of the implodable volume using flat paint (figure 1b,c) and the pattern is illuminated using a pair of high-intensity arc lamps (as shown in figure 2b ).
(b) 3D digital image correlation calibration set-up
As noted in previous publications [11] , determining accurate three-dimensional positions for specimens submerged in a fluid environment and viewed through a single window requires a two-step calibration process: one using a grid in air and another using a grid submerged in the fluid and viewed through a single window. In this application, two windows are employed and the submerged specimen is viewed through both windows. Conceptually, the optimization approach outlined in the previous publications can be extended to calibrate the stereo-imaging system using two windows. However, results from these studies suggest that it may be possible when viewing perpendicular to the window to calibrate each camera (with modified imaging parameters) as if it were viewing a specimen through a single transparent medium. To evaluate the accuracy of this modified 3D DIC methodology for determining three-dimensional positions for points on a submerged object, calibration experiments are conducted by imaging a submerged calibration specimen within a small custom-designed tank. This technique replicates the optical effects of submersion using a more accessible smaller tank. A schematic of the set-up is shown in figure 3 . The set-up is approximately 600 mm (24 inches) long and 350 mm (14 inches) wide with height 150 mm (6 inches). Two acrylic windows, of the same thickness as those used in the pressure chamber facility, are installed with a stereo-angle of approximately 20 • for viewing purposes. A 76 × 51 mm (3 × 2 inches) speckled flat aluminium specimen is mounted inside the tank on a precision translation stage, which can provide both in-plane and out-of-plane translations with 0.01 mm accuracy. The SA-1 high-speed cameras, with the same front-end optics as will be used in the actual experiment, are used to capture images of the translated specimen during calibration experiments. Consistent with the implosion experiments, the cameras are placed outside the tank such that the surface normal of each window is aligned with the optical axis of the respective camera. The resolution of the camera image is 1024 × 1024 pixels, corresponding to an approximate magnification factor of 11.44 pixels mm −1 . Calibration of intrinsic and extrinsic parameters is performed using a submerged calibration grid provided by Correlated Solutions, Inc. (http://www.correlatedsolutions.com/). The specimen is placed at the intersection point of the two camera axes inside the tank, a process that is consistent with future implosion experiments. Using the translation stage, the specimen is translated in 1 mm increments in both in-plane and out-of-plane directions and the corresponding images are captured. Displacement of the specimen at each translation increment is estimated with Vic-3D software (http://www.correlatedsolutions.com/) using 51 × 51 pixel subsets and a step size of 7. 
Experimental results and discussion (a) 3D digital image correlation calibration results
The out-of-plane 3D DIC calibration results for submerged objects are shown in figure 4. Both displacements and strains (von Mises) are calculated from the 3D DIC measurements. To quantify the accuracy of the measured displacement and strains, the average surface displacement and standard deviation over the whole area for each given displacement is calculated. Similarly, the average strain value (pseudo-strain as rigid translation is not supposed to produce any strains) and its standard deviation are also calculated. A plot of the actual out-of-plane displacement and the measured average displacement of the specimen is shown in figure 4a. The measured average surface displacements are in good agreement with the true displacements and the percentage error between true and measured out-of-plane displacement is approximately 1.5-2.5%. The magnitude of absolute error is nearly proportional to the given displacement value, which results in an approximately constant percentage error. Strains are found to be approximately 0.1-0.3% in general (figure 4b), which is an order of magnitude larger than the strain accuracy of the 3D DIC technique (approx. 0.015-0.02% [15] ) in air. Hence, it can be concluded that the out-of-plane displacements can be accurately captured (within 3% error). The accuracy of the measured strains (less than 0.3%) is adequate when large deformations are of interest, but may not be sufficiently accurate to identify strain trends during the early stages of the implosion event. 1 The in-plane 3D DIC calibration results for submerged objects are shown in figure 5 . A comparison of the given in-plane displacement and the measured average DIC displacement as shown in figure 5a indicates that the two are in very good agreement. The absolute magnitude of error is nearly constant at approximately 0.02-0.03 mm for the range of given displacement and therefore the percentage error shown in figure 5a decreases (from 1.2% to 0.5%) with increase in displacement. Strains are approximately 0.1-0.3%, which is similar to the case for out-of-plane translation. Therefore, when the optical axis of the cameras is aligned with the normal of the viewing windows, both in-plane and out-of-plane displacements can be measured with good accuracy for submerged objects by using the camera and stereo-parameters obtained using a submerged calibration grid.
Owing to the difficulty of maintaining both the relative camera positions and the lens parameters for the two SA-1 cameras when moving to the pressure chamber facility, the authors re-calibrated the two cameras. After positioning each camera perpendicular to its viewing window of the pressure chamber, the re-calibration process consisted of viewing a submerged calibration grid (size = 12 dots × 9 dots, interspacing = 12 mm) in several orientations. Here, the location of the grid corresponded approximately to the position where the implodable volume would be located. Once the calibration process was completed, the accuracy of 3D DIC displacement measurements in the pressure chamber facility was re-estimated by imaging one of the implodable volumes and using the images with 3D DIC to quantify the radius of the implodable volume. After reconstructing the cylindrical shape of the implodable volume using Vic-3D software (http://www.correlatedsolutions.com/), the local radius of curvature of the specimen surface was estimated (figure 6) using data from the central region of the specimen. Independent measurements of the true radius of the specimen gave a mean radius of 19.05 mm, which differs by less than 1%. Thus, measurements indicate that both the shape and threedimensional deformation of submerged objects can be measured accurately using the modified stereo-imaging calibration process with cameras viewing normal to the windows. figure 8 . A plot of out-of-plane wall velocity history (measured at minor radius using DIC) at the Z location of the sensor is also shown in figure 8 . The deformation of the specimen begins at the centre and is symmetric about Z = 0 in the length direction. The initiation of the implosion process as a mode-2 shape begins as a 'slow ovalization', well before the rapid collapse initiates (see t = −5.9 and −1.93 ms in figure 7) . Although the velocity of the structure is negligible in this process, leading to no change in dynamic pressure in the near-field, it introduces a small change in the minor radius (approx. 1.8 mm at centre, 10% of the radius) of the specimen (see t = −1.93 ms in figure 7 ). This deformation varies almost linearly along the length of the specimen up to the end-caps. Similar linear variation is observed for an even larger 2L/D ratio of 10.7, which indicates that the whole structure undergoes mode-2 deformation during the implosion process. Inspection of the results shown in figure 7 indicates that the walls of the specimen start accelerating by time t = −0.93 ms and the pressure at sensors M-0, M-90, L1-0 and L1-90 (figure 8) starts gradually decreasing. As the bulk modulus of water is very high (approx. 2.2 GPa), any small increase in the volume of the compressed water due to deformation of the implodable volume (resulting in a decrease in the density of water) near the specimen results in a drop in pressure. This local pressure depreciation causes the generation of low-pressure waves propagating outwards. As the central part of the implodable volume undergoes maximum deformation, the intensity of the generated low-pressure wave is stronger at the mid-span of the implodable volume. Also, the intensity of such waves decreases with increasing radial distance because of spherical/cylindrical decay of the pressure wave [3, 8] .
At t = −0.93 ms, the pressure at sensor M-0 reaches a value of −0.046 MPa, a small drop in dynamic pressure, which can be correlated to the initiation of wall recession at the centre of the specimen (see DIC results at −0.93 ms). This deformation grows rapidly along the entire length, causing a simultaneous decrease in dynamic pressure. At t = −0.57 ms, more than half of the length of the specimen experiences a wall velocity of approximately 4 m s −1 , leading to a pressure , which leads to the largest rate of change in volume of the implodable volume. As water is following the implodable volume's surface, the local rate of decrease in density of water simultaneously reaches its peak, causing the lowest pressure in the water. Note that the lowest pressure is approximately maintained with a marginal increase for 0.17 ms at M-0 until the first pressure spike is observed. The first sharp pressure spike observed at time t = 0 ms (shown in the inset in figure 8 ) has a rise time of approximately 4 µs at M-0, which is similar to the characteristic rise time of the UNDEX shock wave in water. The change in pressure due to this peak pulse is 0.78 MPa (starting at −0.46 MPa, ending at 0.32 MPa) with a duration of approximately 10 µs. By comparing this phenomenon with the measured deformation history, the first pressure spike seems to originate from the initiation of wall-to-wall contact at the centre of the collapsing implodable volume, as seen from the velocity contour at time t = 0 ms. The contact of the two opposite walls moving towards each other at a relative velocity of approximately 50 m s −1 acts as an impact between two solid surfaces and leads to strong sound waves in the tube that are transferred to the water and that manifest as a very short duration shock pulse. This first pressure shock wave is primarily seen at the sensor for the 0 • direction. Since the spike does not seem to be present at sensors located at 90 • (M-90, L1-90) , it can be inferred that the first pressure spike results in a shock wave emerging mainly along the minor diameter direction (0 • ). Continuing with sensor M-0, the pressure keeps decreasing for approximately 50 µs after the occurrence of the first pressure spike, indicating that, after the first wall contact at the centre, the receding walls transition from a point contact at the centre to a line contact along the major diameter (see time t = 0.07 ms in figure 7 , where the contact at the centre is spreading along the diameter but still under transition). After t = 0.07 ms, the pressure increases monotonically due to a rapid increase in the contact area between the walls of the specimen. This event leads to strong deceleration in the water that is moving along with the receding walls, resulting in an increasing mass of water that is impacting the surface of the specimen. The impact of water causes the incoming momentum to vanish, causing high-pressure build-up at the surface of the implodable volume. Finally, by t = 0.17 ms, the pressure at M-0 reaches the highest value of 1.90 MPa. The DIC results at this instant show that the contact has spread along the major diameter of the specimen at the centre and approximately 30% of the length of the specimen has made wall contact. Such large peaks have been observed previously by several researchers [1] [2] [3] 8] . Turner & Ambrico [3] observed through numerical simulations that this large pressure spike occurs around the time when the width at the centre of the implodable volume exhibits contact, similar to the experimental results shown here. Comparing the magnitudes of peak pressure observed at other 0 • sensors, the peak over-pressure was 1.37 MPa at L1-0 and 0.58 MPa at L2-0.
After the occurrence of the large pressure spike, pressure rapidly decreases with a decay time of approximately 100 µs, indicating the transient nature of contact propagation. The rate of increase in contact surface area after the initiation of initial point contact is large (leading to high peak pressure), but it also decreases rapidly. Later in time, from t = 0.17 to 0.60 ms, the contact front starts propagating towards the direction of the end-cap with high velocity (approx. 100-200 m s −1 , i.e. buckle propagation velocity [16] ). The propagation of collapse along the length starts as a transition from line contact at the centre, in which the contact front angle is approximately 90 • at t = 0.17 ms. It transforms into a steady plane collapse front from time t = 0.17 to 0.30 ms. Interestingly, the highest local wall velocity during collapse occurs during the propagation of buckles and is found to be present ahead of the collapse front at two symmetric points about the central Z-axis (see t = 0.17, 0.30 and 0.40 ms in figure 7) . Moreover, during propagation of buckles, the magnitude of the pressure waves radiated is relatively small. The pressure at all the sensors during this phase is also fairly similar and is less than 0.25 MPa.
(ii) Buckle propagation and contact zone
The application of the 3D DIC technique allows for real-time deformation/velocity measurements during the evolution of mode-2 collapse, both up to initial contact and also during the buckle propagation from the mid-length towards the end-caps. The propagation of buckles along long submarine pipelines is a well-studied phenomenon [16] [17] [18] . Kyriakides & Netto [16] reported that the buckle propagation velocity is dependent on the pressurizing medium; a buckle running in an air pressure chamber will run faster than that in a water pressure vessel. We believe that this is the first-ever reporting of real-time quantitative visual observation of propagating buckles in underwater implosions. After contact initiation at mid length (t = 0 ms in figure 7) , the contact area of the implodable volume grows rapidly, with a sharp acute angle shape propagating along the tube length (see t = 0.07 ms in figure 7) . The buckle is still in the transition phase, where a local initial collapse is transforming into a running buckle. The running buckle rapidly grows along the Z-direction, and the cone angle increases to approximately 90 • by time t = 0.17 ms. Later, it reaches a stable propagation velocity while growing steadily along the Z-direction. A typical plot of an out-of-plane wall velocity profile observed for 2L/D = 8 along the centre line (θ = 0 • ) is shown in figure 9a . It must be noted that, after reaching the maximum velocity of 25 m s −1 at the centre, the velocity near the centre diminishes abruptly with high decelerations, even before point contact initiates. During this time, the rest of the specimen is still collapsing with collapse velocity. The rapid velocity drop from 25 to 4 m s −1 takes approximately 100 µs, occurring just before the small pressure spike due to contact. Comparison of the velocity history at the centre point (shown in figure 9b ) shows the same behaviour for 2L/D = 8 and 10.7. For 2L/D = 5.7, there is slightly higher peak velocity (approx. 20% more), probably due to relatively higher collapse pressure.
By measuring the time-varying length of the contact front at the minor diameter (θ = 0 • ) for all the specimens, the calculated contact front velocity U exp (or the buckle propagation velocity) as a function of time is plotted in figure 9c . During the initial stages of contact at the centre, the propagation velocity of the contact front is very high (approx. 350-600 m s −1 ), then, later, the contact propagates stably with a velocity between 100 and 200 m s Table 2 . Calculation of propagation pressure (P p ) and steady-state buckle propagation velocity (U) from [16] , σ 0 = 276 MPa, ρ t = 2700 kg m −3 . Kyriakides & Netto [16] have shown that the ratio of steady-state buckle propagation velocity (U) and √ σ 0 /ρ t depends upon the ratio of critical pressure (P c ) and the propagation pressure (P p ), where σ 0 is the flow stress and ρ t is the density of the material. For our experiments, the value of P p , P c /P p and U are calculated from Kyriakides & Netto [16] and shown in table 2. When comparing U with U exp (shown in figure 9c ), U exp is always smaller than U during stable buckle propagation, which suggests that the 2L/D ratio of tubes chosen in this study is still smaller than that of the tubes used for calculating U. The smaller 2L/D ratio causes the end-cap (end boundary condition) to play a significant role during buckle propagation from the beginning of collapse. The increased flexural stiffness provided by end-caps is shown to reduce the buckle propagation velocity by more than 50% (for the case of 2L/D = 5.3 and 8) in this study. After the initiation of contact, the dynamics of contact zone growth in the implodable volume is important in the evolution of high-pressure waves. Therefore, the area of the contact zone is calculated by estimating the zero velocity region from the 3D DIC full-field results. The plot Thus, the highest pressure spike is the result of a sudden increase in the contact area growth rate, causing the largest change in momentum of water against the wall, eventually leading to the highest pressure spike. Turner & Ambrico [3] suggested that the highest pressure spike corresponds to the time when collapse in the implodable volume extends to the complete width at the centre. Since both the highest rate of increase in contact area and also the extension of collapse along the width in cylindrical tubes occur at the same time, both arguments can explain the occurrence of the highest pressure. However, for an implodable volume with an arbitrary shape which is distinctly different from a cylindrical shape, the contact area growth rate is a better parameter to relate the time and magnitude of the largest pressure spike to the collapse behaviour.
(iii) Positive time period (T + )
The initiation of contact and buckle propagation towards the end-caps produces high-amplitude pressure pulses along with low-magnitude, steady pressure pulses for long time durations. The time duration of a high-pressure wave (which will be referred to as the positive time period, T + ) is crucial for understanding the overall strength of the implosion-generated shock wave. From the experiments in this study, T + was observed to change depending upon the 2L/D ratio or the length of the specimen ( figure 10) . Ideally, T + should be equal to the sum of (i) the time it takes for the initial buckle to move from the mid-length of the implodable to the end-caps and (ii) the time it takes for the wave to reach the sensor location. Therefore, T + can be written as
where u buckle−avg is the average buckle propagation velocity for the specimen; c 0 is the wave speed in water (1482 m s −1 in this study); r 1 is the distance between the centre of the specimen and the sensor; r 2 is the distance from the end-caps to the sensor. At a given Z/L, there is a significant increase in T + (approx. 0.44 ms at mid-length) with increasing 2L/D ratio. As the impulse of the positive pressure pulse depends upon both the pressure magnitude and time period, the impulse can be enhanced with increasing length of For the sensors near the mid-length, r 2 − r 1 > 0. On the contrary, the sensors near the end-caps have r 2 − r 1 < 0. Therefore, T + is higher for the sensors at the mid-length (M-0, M-90) and smaller for the sensors at the end-caps (L3-90). This aspect can also be explained by the temporal stretching of the pressure wave (T + ↑), when the buckle is moving away from the sensor. Moreover, the movement of the buckle towards the sensor location causes pressure waves to compress, leading to a smaller time period of the pressure wave (T + ↓). A plot of T + with respect to normalized location of the sensor from equation (3.1) is plotted as a dashed line in figure 10 and u buckle−avg is chosen as a fitting parameter to match experimentally observed T + values. As the diameter is constant across all the specimens, the higher unsupported length of the implodable volume inherently decreases the flexural stiffness to deform in mode-2 after the point contact. This causes a higher buckle propagation velocity in the early transition phase, resulting in a higher 'average' buckle propagation velocity. Hence the u buckle−avg (calculated from equation ( Also, such estimation of u buckle−avg is made using only the pressure history and thus these values are compared with average buckle propagation velocity from DIC measurements (from §3b(ii)) in table 3. As shown in table 3, there is good agreement between the two measured velocities (u buckle−avg ), indicating that equation (3.1) is an accurate estimate for measuring average buckle propagation velocity.
(iv) Impulse
The high-pressure peak, along with the corresponding impulse, defines the strength of the shock wave. The impulses calculated from the over-pressure history during the pressure trough (under-pressure region) and high-pressure wave (over-pressure region) are defined as I − and I + , respectively [8] . A plot of I − and I + and the ratio |I + /I − | for all the implodables studied is shown in figure 11 . For the implodable volumes chosen, a significant magnitude of impulse (both I − and I + ) is generated during the mode-2 implosion. Consistent with earlier observations of Turner & Ambrico [3, 7] and Farhat et al. [8] , I − and I + are very similar in this study for most of the implodables (I + is within 95% of I − for 2L/D ratios of 5.3 and 8). The maximum impulse is always observed at the centre and the larger 2L/D ratio implodable volumes produce higher I − . Also, the value of I − near end-caps is approximately the same for all the cases. This indicates that I − is independent of the 2L/D ratio when measured near the end-caps. It is important to note that the experiments for 2L/D = 10.7 do not exhibit a good match between I − and I + . The values of I + are consistently lower at all Z locations for this implodable (as low as 70% of I − at certain Z/L locations). The authors believe that such inconsistencies between I − and I + are not experimental errors but rather are the effect of reflected waves due to the finite size of the pressure chamber facility. These differences between I − and I + can arise in experiments in which the total duration of the implosion event (which includes both the under-pressure phase and overpressure phase) is much longer than the reflection-free time window of the pressure chamber (which is 1.4 ms in this study). As the duration of the total implosion event is largest (2.25 ms) for the longest implodable volume 2L/D = 10.7 (table 1) phase in the pressure history is not reflection-free. The pressure recorded in this time duration is a result of superposition of two waves: (i) over-pressure implosion waves radiating outwards and (ii) reflected pressure release waves from the solid pressure chamber walls, which move radially inwards. As the under-pressure waves released outwards during implosion (all waves released prior to time t = 0 ms) reflect with the same sign from the solid boundary of the pressure chamber and converge back towards the centre, the pressure history near the centre tends to decrease. Such a decrease in pressure results in a lower magnitude of I + when compared with I − . The values of I − and I + at each sensor location are similar in all the implosion experiments (if reflections from the boundaries do not interfere within the implosion event). The explanation for vanishing T + T − P(t) dt (or I − = I + ) lies in the inherent nature of the implosion (here t = T − refers to the start of the under-pressure phase or the beginning of the dynamic implosion process). An implosion process consists of two phases: (i) the under-pressure phase when the pressure in the nearby water decreases and water rushes towards the specimen (radially inwards) and (ii) the over-pressure phase when wall contact initiates in the implodable volume and the velocity of water decreases. The inward moving water in the under-pressure phase must reach zero velocity after the implosion event is over. If free-field conditions are assumed (i.e. outward generated implosion waves will never return) and no other pressure waves are generated at the surface of the implodable volume after T + (or the end of the implosion process), the water particles will reach zero velocity only by the over-pressure pulse released by the implodable volume itself. Therefore, the released high-pressure wave should have sufficient positive impulse to make the inward water particle velocity vanish at all locations. This results in I + being equal to I − . This process can be mathematically described by the use of over-pressure (P(t)) and particle velocity (u(t)) relationships from [19, 20] . For a spherical acoustic pressure wave, the particle velocity, u(t), at any time t and arbitrary radius R can be written as follows [19] :
where ρ is the density of water (998.2 kg m −3 ). As u(t) is zero at the start of the implosion process (t = T − ) and must vanish at the end of implosion (t = T + ), it implies (from equation (3.2)) that Thus, as long as the waves generated in implosion can be approximated as spherical (similar to the conclusion of Turner & Ambrico [3] ), 
Conclusion
A comprehensive series of experiments is conducted to study the underwater free-field implosion of cylindrical shells using the 3D DIC technique. A simple calibration procedure for the application of the 3D DIC technique for submerged objects is presented. The experiments are conducted with varying length to diameter ratios of the implodable volume. The nearfield pressure history measurements are synchronized with DIC full-field deformation of the implodable volume during implosion. The key findings of this study are as follows:
-3D DIC technique can be successfully used for displacement measurements for submerged objects by extracting intrinsic and extrinsic parameters using a submerged calibration grid given that the camera's axes are aligned with the surface normal of the window. The error of the measured DIC displacement is less than 3% for out-of-plane motion and less than 1.2% for in-plane motion. -There exists a large degree of pre-deformation (up to 10% of the radius) in the cylindrical shells prior to any dynamic pressure fluctuations in the near-field. This pre-deformation varies linearly along the implodable length and occurs relatively slowly over the entire length of the implodable. -After the initiation of the point contact, the contact front moves with very high velocities (approx. 350-600 m s −1 ) before reaching a stable buckle propagation velocity between approximately 100 and 200 m s −1 in this study. The estimation for average buckle propagation velocity can also be made by relating this velocity to the positive time period of the emitted high-pressure waves. -The rate of growth in contact area during an implosion has significant influence on the generation of a high-pressure spike. The high rate of increase in contact area leads to large changes in the momentum of water following the walls and this causes a large spike in the pressure. -The rate of growth in the contact area is influenced by both the end-cap boundary conditions and the deformation mechanics of the implodable volume. -For a given diameter, longer implodable volumes generate higher pressure spikes. It is believed that, as the length increases, this effect will stabilize. 
